Water trapped in glaciers and in lakes impounded by landforms created by glaciers (glacial lakes) are an important component of the hydrology and water resources in high mountain areas of Central Asia. ) and the local ELA rose by 47 m and 80 m on north and south aspects, respectively. These mountains are located at similar latitudes, and so the greater percentage loss of glacier area in Mt. Munkh Saridag and faster changes in ELAs in Mt. Ikh Turgen may reflect variations in elevation and aspect, duration of solar radiation, and vulnerability to solar radiation, as well as variations in glacier scale. This study demonstrates the importance of spatial analyses of modern glaciers in understanding the context of hydrological changes within which any sustainable water resource management plan must be situated.
Introduction
In Mongolia there were two major glaciations in the early and late Pleistocene [1] , covering the Altai, Khangai, Khentii and Khuvsgul Mountain Ranges ( Figure 1 ). There is evidence for three to four Pleistocene glaciations in the Altai overall, two to three Pleistocene glaciations in the Khangai and Khuvsgul, and one Pleistocene glaciation in the Khentii [2] . Today, glaciers occur in only a few mountains of the Altai, Khangai and Khuvsgul Mountain Ranges. The dominant style of glaciation recorded in the landforms and deposits of Mongolia is valley glaciation [1] including hanging glaciers along the mountain slopes and crests of highly-elevation mountains [3] [4] . Modern glaciers in the high mountain ranges in Mongolia play a vital role in water resources in Central Asia, and also in regional ecological, social and economic development. Modern glaciers in the high mountain ranges provide over 70% of fresh water resources in Mongolia [5] and small mountain glaciers in high latitudes and high altitudes are very sensitive to climate change [6] . Thus climate change can modulate water resources through altering glacier mass balances [7] , and this has a large impact on regional development. There has been a lack of work linking glacier and surface water fluctuations, and the purpose of this paper is to provide such a connection for 
. The Russian Altai has been the focus of much of the research to date on Altai paleoglaciation (e.g. [8] - [14] ), with additional work focused on the extents of Pleistocene and modern glaciers (including during the Little Ice Age) in the Mongolian Altai [15] - [21] . Several reviews summarize our knowledge of the extent of Pleistocene glaciations (e.g. [9] [13] [14] [22] [23] [24] ), and previous work has suggested that the limited extent of past glacier expansion in the Mongolian Altai reflects decreasing precipitation and increasing ELAs from the northwest to the southeast of the Altai [13] [25] [26] . Although long-term fluctuations of glaciers over the Pleistocene in the Altai Mountain Range have been investigated in previous studies [13] [15] [16] [19] [27], Holocene and modern glacier fluctuations in Mongolia have rarely been described [20] [22] .
In the Khuvsgul Mountain Range, Tsegmid [1] estimated the extents of past glaciations based on glacial deposits, and absolute age dating suggests that maximum glacier advances were approximately synchronous across northern Mongolia [27] . Late Pleistocene glaciers around the Darkhad basin (Figure 2 advanced twice at 17 -19 ka and 35 -53 ka, when end moraines and ELAs were at ~1600 m a.s.l and 2100 -2400 m a.s.l, respectively [27] in the surrounding Khuvsgul mountains (Figure 2(B) ). The remnant end moraines and lateral moraines on the upper slopes and in the valleys of Rivers Tengis and Shishkhid, and intermontane basins (e.g. [28] [29] ) indicate that large glaciers advanced in the Sayan and Khuvsgul Mountain Ranges in the late Pleistocene. During the latest extensive glaciations in the Late Pleistocene, Mt. Munkh Saridag was covered by ice from the Zhokhoiskiy and Okinskiy glaciers in the north, with an ice surface Journal of Water Resource and Protection at 2100 -2200 m a.s.l and an ice thickness of 300 -400 m [6] . There was no glaciation during the Atlantic period (7000 -7300 years ago) and modern glaciers have been present for the last 4000 -5000 years [6] .
Today, modern glaciers and their landforms in the Mongolian Altai and Khuvsgul Mountain Ranges include ice caps, valley glaciers, hanging glaciers, cirques, hummocky terrain, moraines and moraine-dammed lakes. Modern glaciers remain only in the highest mountains of the Altai, and several studies have focused on estimating the total current glaciated area. Contemporary glacier coverage in the Mongolian Altai has been estimated using different methods and datasets as 328 km 2 [38] , and over a glacial cycle they respond to variations in the position and strength of major climate systems [21] . Current global climatic shifts are having a pronounced effect on glaciers in Mongolia [20] , however the extent of both paleo and modern glacier changes is still unclear. In terms of more recent glacier changes, Lehmkuhl [22] 
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In this study, we reconstruct changes in glacier extent and connect this to previous observations of changes in both climate and hydrology. Changes in mod- of past changes to estimate the timescale over which glaciers are likely to disappear from each field area. Although simplistic, in the absence of more detailed data and models, this approach provides an estimate of the timescale of change that is helpful in conveying a sense of urgency about these changes to decision makers working on water resources management.
Results and Discussion

Modern Glaciers
Glacier mapping identifies ice caps, valley glaciers and hanging glaciers in the study areas (Figure 3, Figure 4) . Figure 6 ).
Given the role that glaciers play in sustaining water flow during summer months, and the increase in annual flow that has come from recent glacier melt that has exceeded accumulation from snowfall, we predict that overall river flow, and in particular summer base flow in rivers fed by these glaciers, will decrease.
Only if the loss of glacier melt is replaced by enhanced summer precipitation would river flow be maintained at current levels. 
Surface Water
In this section we consider the linkage between glacial and hydrological fluctuations for Mt. Ikh Turgen and Mt. Munkh Saridag in western and northern Mongolia, respectively. Because Mongolia is very sensitive to climate change as a result of its geographic location and because of its socio-economic condition and reliance on pastoral animal husbandry, a nomadic way of life, and rain-fed agriculture, climate change that alters the Mongolian ecosystem and causes water shortages and desertification will result in severe economic impacts [44] . Hydrological changes driven by climate change and anthropogenic influences include enhanced glacier melt and permafrost thaw [5] . The maximum ice depth has decreased by 35 cm and the duration of ice cover has been shortened by 5 - and further reductions since 1996, however lake areas have increased for large lakes located in the permafrost zone and lakes fed by glacier melt [5] . For example, since 1993 water levels in Lake Khuvsgul, located in the permafrost zone, have increased at the same time as water levels in Lakes Uvs and Khar Us, located in the arid zone have decreased [5] . Overall this suggests that during a period of overall reductions in surface water availability, ecosystems and human uses in catchments with permafrost and glaciers have been sustained by additional water from ice melt. However, the glacier component of this additional water will be lost as the glaciers disappear, likely leading to even more rapid hydrologic changes in the future than in other parts of Mongolia.
The average annual temperature in Mongolia has been increasing ( Figure 8 ).
Average annual temperature increased by 2.17˚C overall, and by 1.9˚C -2.28˚C
in the high mountains and 1.6˚C -1.7˚C in the Govi desert since 1940 [45] . Since 1940, the average winter temperature has been increasing noticeably as compared to the summer temperature, and winter precipitation increased while warm season precipitation decreased slightly [46] . These temperature increases and precipitation changes are likely to have driven observed changes in glacier extent, river discharge, and lake area. For the future, climate modeling based on the greenhouse gas (GHG) A1B scenario estimates an increase in average temperature in the next 100 years of 2.6˚C in winter and 2.4˚C in summer [46] . This temperature rise, coupled with changes to short, heavy rain instead of long-lasting rain events, will increase the stress on traditional herding lifestyles, thus affecting the social-ecological conditions of Mongolia [47] . It is predicted Journal of Water Resource and Protection Ranges. In this semi-arid region, surface water is a critical resource for both humans and animals.
In the early 21 st century, when climate in Mongolia will continue to change dramatically [49] , global climate change, population growth, river damming, large-scale water abstractions, and rising levels of pollution exert multiple pressures on regional water resources [50] . Climate change response measures will help to address the inevitable need to adapt to meet the requirements of sustainable development strategies in Mongolia [49] .
Water Management
The ongoing rapid retreat and loss of glaciers in high mountains in Mongolia due to climate warming lead to challenges in the management of rivers and water resources. It is difficult to monitor the vast hydro-network in Mongolia, and to identify small lakes and disappearing glaciers, due to the fact that Mongolia occupies a large territory and has a low population density [5] . Thus hydrologic modeling based on climate change scenarios is an important basis for water management strategies. This type of modeling suggests that water stresses will increase under likely climate change scenarios [5] .
Mongolia has scarce water resources and will face major challenges to adapt to climate change, particularly in areas where enhanced water from glacier melt A. Orkhonselenge, J. M. Harbor Journal of Water Resource and Protection will be lost when the glaciers disappear. Global warming, and regional and local changes in water resources related to glacier melting and permafrost thawing will have a significant impact on environmental conditions, ecology, socio-economic outcomes, and human life. Management decisions that impact catchments are often made on the scale of political regions, rather than hydrologic regions (catchments) [50] . However management of a glacier-based catchment with numerous rivers and lakes basins that is likely to undergo major glacier melting-induced dynamical changes would be better approached in an integrated catchment-scale manner aimed at minimizing ecological and socio-economic impacts. For example, the catchments of the Altai and Khuvsgul
Mountain Ranges should ideally be treated as transboundary regions covering four and two nations, respectively, with international coordination in management through Integrated River Basin Management (IRBM) that includes development of reservoirs to store glacier melting water for hydropower generation, drinking water, industrial and pasture water supply [5] . Protection of runoff formation zones is also needed, even if these are in different political regions than downstream areas, as is efficient and economic use of water resources and improved environmental monitoring (extension and modernization of the observation network), modeling, remote sensing, data integration and regional cooperation. Mongolia has limited human, technical and financial capacities to solve the multi-faceted threat caused by climate change [49] , and because the impacts of climate change on the ecological system and natural resources in Mongolia will dramatically affect almost all sectors of the national economy, climate change response measures should address the need to adapt to climate change in ways that also archive the sustainable development strategies of Mongolia [46] . Numerous policies, plans and decisions for integrated environmental management have been made at national and international levels since joining the UN Framework Convention on Climate Change (UNFCCC) and the Kyoto Protocol in the 1990s. For example, the Parliament of Mongolia has passed several laws directed toward environmental protection, including the State Policy on Environment (1997), which forms the legal basis for the protection of Mongolia's natural resources, and at the international level Mongolia has joined 14 environment-related UN Conventions and Treaties [49] . However, there is a gap between the plans and treaties and actual implementation on the ground, especially in remote areas.
In Central Asia, groundwater is shallow, rivers and lakes have unique water-dependent ecosystems, and human societies have developed in close integration with limited water resources [50] . It is in such situations that Integrated Water Resources Management (IWRM) has great potential to contribute to more secure livelihoods, increased environmental sustainability and greater social harmony. To archive this requires that water resources are managed efficiently, with minimization of unproductive water losses in water delivery and water demand [51] and proactive efforts to prepare for future changes in water Journal of Water Resource and Protection availability. The Asia-Pacific Adaptation Network (APAN), a key regional initiative to build climate resilience of vulnerable human systems, ecosystems and economies through the mobilization of knowledge and technologies to support adaptation capacity building, policy-setting, planning, and best practices, can provide a road-map for good adaptation knowledge and practices in Mongolia. However, significant barriers persist for adaptation efforts in developing countries, including a lack of the necessary finance, knowledge, and technology for reducing vulnerability to climate change that is an important prerequisite for successful adaptation efforts [44] . Although IWRM requires a complete transdisciplinary assessment of the environmental and socio-economic conditions in local and regional contexts, studies such as that presented here contribute to the scientific base knowledge of changing precipitation-glacier-inflow-runoff-outflow-storage relationships that are necessary component of integrated decision making.
Conclusions
In the Mongolian Altai and the Khuvsgul Mountain Ranges in western and northern Mongolia, modern glaciers exist as small ice caps centered on the mountain peaks ( Figure 3, Figure 4 ). The changing extent of these glaciers has significant impacts on water resources that must be considered in future water Munkh Saridag and faster changes in ELA elevation on Mt. Ikh Turgen. These differences may reflect glacier scale and may also be related to differences in elevations and aspect, durations of solar radiation and vulnerability to the solar insolation for each individual mountain. Extrapolations of past change suggest that glaciers will be gone from Mt. Munkh Saridag in a few years, and from Mt.
Ikh Turgen in a few decades. This will remove glacier melt as an important component of summer water supply for natural and human uses.
More sophisticated glaciological and hydrological observations and modeling is urgently needed to support local and regional water management policy and implementation. Integrated water management is the most suitable approach for this region, which includes diverse landscapes and ecosystems in catchments that cut across national and internal administrative units. Building on key linkages between glaciology and hydrology, future work should involve extensive fieldwork and modeling studies to examine the climate drivers that underlie A. Orkhonselenge, J. M. Harbor Journal of Water Resource and Protection modern glacier changes, as the basis for refined predictions of glaciological and hydrological changes that will be key to sustainable management of water resources in the changing Mongolian environment.
